A major bottleneck for the development of Mg batteries is the identification of liquid electrolytes that are simultaneously compatible with the Mg-metal anode and high-voltage cathodes. One strategy to widen the stability windows of current nonaqueous electrolytes is to introduce protective coating materials at the electrodes, where coating materials are required to exhibit swift Mg transport. In this work, we use a combination of first-principles calculations and ion-transport theory to evaluate the migration barriers for nearly 27 Mg-containing binary, ternary, and quaternary compounds spanning a wide chemical space. and Mg(PO 3 ) 2 to be promising materials against high-voltage oxide cathodes (up to ∼3 V).
solid material (i.e., a solid electrolyte) capable of transporting Mg ions efficiently. While two examples of such materials exist in the multivalent chemical space, namely, MgSc 2 X 4 (X=S, Se) 12 and ZnPS 3 , 13 using chalcogenide chemistries to boost multivalent mobility typically correlates with poor electrochemical stabilities and increased electronic conductivity. 12, 14, 15 Note that electronic conductivity within a solid electrolyte is a source of self-discharge and is detrimental to battery performance.
A practical way to solve the inherent liquid/solid electrolyte instability is to develop protective coating materials that can selectively mitigate detrimental decomposition reactions against highly oxidizing cathodes and/or the highly reducing Mg-metal. In practice, the identification of protective coatings consists of identifying a number of materials whose electrochemical stability window (ESW) 16, 17 is sufficiently large that they span across the HOMO (or LUMO) level of a liquid electrolyte and the chemical potential of the cathode (or anode). Subsequently, candidate coating materials can either be deposited as thin (∼nano-scale) layers via ex situ methods or can be formed in situ via the reaction of a strategically chosen electrolyte (and additives in liquid electrolytes) and the electrodes.
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One potential difference between ex situ and in situ methods of forming coating materials is the resulting electronic conductivity. In general, a higher electronic conductivity in a coating than the electrolyte is detrimental to the stability of the electrolyte. This is because the drop/gain in chemical potential across the coating may not be sufficient enough to protect the electrolyte from reduction/oxidation. 23 Additionally, a thicker coating layer accommodates a higher chemical potential difference and becomes more suitable for accommodating an electrolyte with a small ESW. Hence, the choice and thickness of a coating (and its electronic conductivity) can be calibrated depending on the intrinsic electronic conductivity of the electrolyte in ex situ methods. However, if a coating is obtained via in situ reactions at the electrode||electrolyte interface, a careful analysis of the properties (ESW and electronic conductivity) of the phase formed at the interface will be necessary to ensure that the battery doesn't exhibit self-discharge. Nevertheless, a candidate coating is optimal if it exhibits a sufficiently large ESW and a significantly low electronic conductivity.
Recently, 24 we reported the ESWs of several Mg-containing compounds, which can be potential coating materials for Mg batteries. We estimated the ESWs via the construction of grand-potential phase diagrams based on density functional theory (DFT) calculations. 25 From 26 also proposed a subset of the aforementioned materials. However, the utilization of these proposed materials as effective coatings demands that Mg 2+ transport in their structures is facile under battery operating conditions. Hence, it is paramount to evaluate the Mg mobility on any candidate coating.
Using first-principles calculations, we systematically assess the barriers and band gaps for
Mg migration in a total of 27 candidate coating materials. In addition to the compositions listed above, we also considered materials that are stable against Mg metal 24, 26 given a barrier along a microscopic (or local) migration pathway (E m ).
where a, ν, f , k B , and T are the hopping distance along a migration pathway, vibrational frequency of Mg in a host structure, correlation factor, Boltzmann constant, and temperature, respectively. Typically, a and ν are of the order of ∼3Å and 10 12 Hz, respectively, and do not vary significantly in most solids. 36 Thus, the governing variable for D in Eq. 1 is E m , which is a chemistry (oxides vs. sulfides), structure (layered vs. spinel), and pathway (tetrahedral → octahedral → tetrahedral or octahedral → tetrahedral → octahedral) dependent property.
Additionally, we only consider local migration pathways that form percolating networks, 36, 37 i.e., pathways that are sufficiently connected through the lattice, enabling Mg to diffuse from one end of the lattice to the other along at least one crystallographic direction.
We assume that ionic diffusion follows a random-walk behavior without any long-range correlation effects between Mg sites, i.e., f ∼ 1 in Eq. 1 . Further, the diffusion length l of Mg 2+ across a coating layer (of thickness ∼ l) scales as,
with t the time for (dis)charge, i.e., the time taken for Mg 2+ to diffuse through the coating layer. By fixing the time t to (dis)charge a battery, at a given thickness of coating layer (i.e., the diffusion length), one arrives at a minimum required Figure 1 ) and
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• C (green bar) to estimate E max m .
In Figure 1 , we consider rates of (dis)charge for battery operations ranging from extremely fast (dis)charging at 10C (i.e., 6 minutes) to C/4 (4 hours 
Workflow to assess Mg migration barriers
While previous reports have used the jellium background for charge compensation and computed migration barriers, the accuracy of this approach has not been reliably tested. 17, 33, 56, 57 In particular, it is challenging for any self-consistent procedure, such as DFT with a semilocal PBE functional, to appropriately localize the jellium charge, leading to problematic convergence of the charge density, the total energy, and the atomic forces. Poor convergence of the charge density can eventually cause appreciable deformation of the underlying structure, such as significant rearrangement of atomic positions and/or large changes in volume or shape, resulting in an inability to accurately assess migration barriers via the NEB method.
In our work, we encountered significant structural distortions owing to poorly converged charge density in the MgX 2 (X = Cl, Br, and I) structures, where layers of edge-sharing MgX 6 octahedra are highly distorted upon structure relaxation in the presence of a jellium background, as depicted for MgI 2 in Figure 2b .
To ensure that our structural model retains charge neutrality while not exhibiting major structural distortions, we adopt the workflow of Figure 2a to compute the migration barriers.
This strategy can be implemented whenever the introduction of a compensating background charge leads to unphysical structures. .6 Å~1 1.9 Å
MgS
Figure 2: a Flow-chart to accurately compute migration barriers in charge-compensated candidate coating (and solid electrolyte) systems. b Example of failed convergence of endpoint images in MgI 2 in the presence of a jellium background resulting in significant distortion of layers of edge-sharing MgI 6 . The structural distortion is highlighted by the change in interlayer distance before (∼7.6Å) and after relaxation (∼11.9Å). c Comparison of migration energies for Mg ions in MgS after the structure relaxation of the end-point images with jellium background charge (red dots) and without jellium (blue squares).
The workflow of Figure 2a is as follows:
1. Relax (coordinate, shape, and volume) the charge-neutral bulk material with DFT computational settings (see Section 3.1).
2. Relax (coordinate, shape, and volume) the end-point structures, including one or multiple diffusing carriers (Mg-vacancies in our case). In this step, the vacancies of the migration species are explicitly charge-compensated with the jellium background.
3. Verify convergence of end-point geometries. Specifically, ensure that the relaxed endpoint geometries are not significantly different from the starting structure. If the end-points are satisfactorily converged, proceed to step 4, else proceed to step 5.
4. Perform a NEB where each interpolated site (or image) along the elastic band is chargecompensated, similar to the end-points, and extract migration barrier.
5. Relax (coordinate, shape, and volume) the end-points without charge-compensation, ensuring that the relaxed geometries do not exhibit significant distortions and proceed to step 6. If the relaxed end-points are significantly perturbed from the starting geometries, accurate migration barriers can only be assessed using more computationally expensive techniques (e.g., AIMD) and/or by using a better functional to describe the electronic exchange-correlation (e.g., hybrid functionals).
6. Using relaxed geometries from step 5, perform a single self-consistent field calculation for the end-points incorporating charge-compensation.
7. Using the relaxed geometries of step 5, construct the elastic band and perform a NEB calculation including charge-compensation. The barrier is extracted using the total energies of the end-points from step 6.
In systems that do not exhibit significant structural distortion when charge-compensation is included in the end-point relaxation calculation, e.g., MgS after step 3, the migration barrier evaluated using step 4 (∼941 meV, red line in Figure 2c ) is significantly lower (∼160 meV) compared to that obtained using steps 5-7 (∼1107 meV, blue line in Figure 2c ).
Hence, we expect the barriers evaluated using steps 5-7 for MgX 2 (X = Cl, Br, and I) structures to be over(under)estimated by ∼ ±160 meV, which is equivalent to approximately three orders of magnitude difference in diffusivity (from Eq. 1). Unless explicitly mentioned, all systems other than MgX 2 (X = Cl, Br, and I) are investigated using steps 1-4, with an accuracy of ∼ ±50 meV for the DFT+NEB framework.
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4 Results • C+C/2), signifying "strict" and "lenient" mobility specifications, respectively. The calculated E m , band gaps (this work) and ESWs (from Chen et al. 24 ) are also reported in Table 1 . Variation of the calculated migration energies along the migration paths of all materials listed in Table 1 are provided in Section S1 of the supporting information (SI). We also evaluated E m in a set of values (see Section 2). The numbers in brackets, provide the (reductive, oxidative) stability limits, in V vs. Mg metal, as reported by Chen et al. 24 The E m for Mg(BH 4 ) 2 should exhibit a higher error than other materials due to challenges in converging the NEB. meV), we encountered significant challenges in converging the NEB for this material. For example, the ground state structure of Mg(BH 4 ) 2 in Materials Project (ID: mp-1200811 and space group Ia3d) contains 264 atoms within its unit cell, making the computational cost of the NEB calculation prohibitive. Despite using a Mg(BH 4 ) 2 polymorph with a smaller unit cell (mp-1192265, 22 atoms and P4n2 space group), we could converge the elastic band only by using a significantly higher force threshold (∼ 0.13 eV/Å), which increases the error associated with the reported E m . In general, there is no correlation between electronic band gaps and Mg migration barriers (Table 1) 
Mg migration barriers in candidate materials
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Mg migration topology of selected coating materials
The evolution of the migration energies (left) along the calculated migration paths (right) of three promising materials, MgAl 2 O 4 (a), MgSiN 2 (b), and MgBr 2 (c), is displayed in Figure 4 . We chose to analyze MgAl 2 O 4 , MgSiN 2 , and MgBr 2 owing to their low migration barriers (< 650 meV). Also, E m for MgAl 2 O 4 and MgSiN 2 were calculated using step 4 in Table 1 : Computed migration energy (in meV) of Mg 2+ ions in structures considered. The Materials Project mp-IDs or the collection codes from the inorganic crystal structure database (ICSD) are listed for each structure. The ESWs (V vs. Mg), as reported in Ref. 24 and the computed electronic band gaps (in eV) are also listed. Unless explicitly mentioned, the overall accuracy of our migration barriers is ± 50 meV. Figure 4 are indicated by orange, light blue, and dark blue spheres/polyhedra, respectively. The endpoints, labelled "A" and "C" in both the migration energy plot and the migration paths, are shown as green polyhedra. The activated state that sets the migration barrier, labelled "B", is shown with bonds to nearest-neighbor anions to identify its coordination environment.
Material
Anion atoms, which occupy all polyhedral vertices in Figure 4 , are not shown for clarity. . Indeed, Mg-containing ternary Se 2− and S 2− spinels, which bond more covalently than O 2− , typically exhibit lower E m than analogous ternary oxide spinels.
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In Figure 4c , MgBr 2 exhibits a barrier of ∼627 meV, where the Mg migrates across octahedral end-points through an activated, face-sharing tetrahedral site. Thus, the Mg migrates ) compared to estimates using only E m (Eq. 1).
We found that the layered MgX 2 structures (X = Cl, Br, and I) exhibit significant structural distortion upon addition of a jellium background, which is typically used for chargecompensation in periodic boundary DFT calculations. To circumvent this limitation, we devised a three-step procedure (steps 5-7, Figure 2a ) to calculate Mg migration barriers, which can result in an error of ∼160 meV (Figure 2c 
Conclusion
In this study, we use density functional theory calculations to identify protective coating materials for Mg batteries, a potential, beyond Li-ion, high energy density secondary electrochemical storage system. Based on a set of minimal ionic mobility requirements in potential coatings, which are applicable to all intercalation battery systems, we found a wide variety of candidate coating materials. For example, using a strict mobility threshold (600 meV), we 
